Analytical and empirical investigations concerning the flow through clearances of non-contacting seals indicate the occurrence of interactions between the walls of the ducts [1] . Investigations of flows in the transverse clearance between annular front of surfaces have show that in the case of a convergence of the clearing the pressure field is asymmetrical. In the case of a forced centrifugal flow, the moment caused by the pressure forces in the transvers clearance opposes the contact of the surfaces of its walls. At centripetal flow the case has opposite effect. The results of calculations of the pressure field concerning a laminar centrifugal flow through the face clearance have been presented. Laboratory tests of such a centrifugal flow have been quoted in [2] . The effects of the pressure fields in the clearances of non-contacting seals, opposing contacts between the walls constituting longitudinal eccentric or transverse converging clearances, were utilized in patented inventions [3, 4, 5, 6, 7, 8] . The inventions [3, 4] have been dealt with by the authors of [1] . The presented paper describes the structural solutions concerning the inventions [5, 6, 7 and 8].
Introduction
The balance disk in multi-stage centrifugal pumps transfer the axial forces and reduce the forcing pressure in the pump, before the gland. Meeting both these tasks causes that in high-parameter pumps they are difficult to be replaced and are an optimal solution. The design draft of the balance disc is to be seen in Fig.1 . Despite the fact that kinematic pair has been applied in multi-stage centrifugal pumps for already nearly a hundred years, further improvements are justified. The main hydraulic elements of the balance disc are the longitudinal and the transverse clearances The present paper quotes the results of the analysis of the geometry and flows through the transverse clearance, and describes the dynamics of its flexibly fixed ring and also the empirical investigations of flows through such a clearance. Moreover, it quotes examples of inventions with new constructions of balance discs, in which the results of these analyses were applied. fig.2 ), rotating with the angular velocity w is inclined versus the rotating axis, i.e. the axis Oz at the angle a s ,. The frontal surface of the stopper ring is inclined versus the axis 0z at the angle 0 . Between the axes of heel there is the angle f 0 . The condition of operations AT fluid friction is a min >0 or a max <2a m. Hence, the admissible convergence of the clearance is <2a m /2r 3 
where:
), , The remaining denominations are to be seen in the diagram.
The condition (1) permits to analyze the geometry of the face clearance and to verify the values of the assumed dimensions of the disc.
Fig. 2. Geometry of the face clearance
Numerical example: The considered face clearance had the diameters d 3 =2r 3 =340mm, d 2 =2r 2 =255mm. In order to check the conditions of the non-contacting motion, i.e. the fluid friction in the face clearance, its minimum mean width a mmin were calculated for the assumed ranges of s =0,0004 to 0,0016rad, =1 to 1,6, ' M =0,1 to 1,47rad. The amplitude of axial vibrations of the rotating unit was assumed as Dz=0,02mm. Fig.3 presents the dependence of a mmin on the number for various angles s AT the angle ' M =1,47rad.
The diagram in Fig. 3 indicates in the case of the angle rad M 47 , 1 , = ϕ that when the flexibly fixed stopper ring is inclined due to the moment M by the angle 0 =0,001031rad at an inclination of the slipring of s 0,0015rad, the minimum mean width of the clearance, whose walls do not contact each other, it amounts to a mmin >0,092mm. It is to be stressed that at s 0,0015rad the face run-out of the slip-ring would mount to 0,51 mm, exceeding the values encountered in correctly designed pumps. 
Flows through a flat-wall face clearance
The diagram of the face clearance an its characteristic dimensions are to be seen in Fig.4 . The character of the flow through the clearance can be determined by means of Reynolds numbers, which in the case of radial flow, i.e. in the case of Poiseuille's flow, is expressed by the formula:
(2)
In the circumferential direction we have to do with the so-called Couette's flow, characterized by the number
where: v m -it is mean radial velocity, v ,m -the mean velocity in Couette's flow ( without the pressure gradient it equals half the peripheral speed u the wall). Laminar flows in the face clearance are limited by critical Re numbers. In the case of Poiseuille's flow Re P,kr =3000 and for Couette's flow Re C,kr =1300 the described phenomenon of flows is a superposition of both these flows.
Laminar flow
The motion of liquids in the clearance is described by the equations N-S and by the equation of continuity. A face clearance is characterized by the ratio of its length to its radius r, i.e. = (r 3 -r 2 )/r 2. For the sake simplifying the problem, in N-S equations it has been assumed that the pressure gradient along the width of the clearance may be neglected in equations describing the motion of liquids in the radial and circumferential direction; quantities of the order > 3 were kept (taking into account radial and circumferential stresses). From these simplified (4) (5) , (6) as well as the equation of continuity .
For the face clearance the following boundary conditions were assumed: for 0 = z Integrating the equations (4) and (5) with respect to the variable " z " and taking into account the relation (6) as well as assumed boundary conditions we get:
,
.
Substituting the velocity components expressed by the formulae (10) and (11) and their derivatives into equation (7), and determining as their parameters: At the inlet to the clearance the pressure on the radius r 2 amounts to p 2 =1200000 N/m 2 , whereas the pressure at the outlet cross section of the clearance amounts on the radius r 3 to p 3 =600000N/m 2 . Assuming these values, for the subsequent radii r the pressure curves p along the circumference of the clearing were determined and after their development presented in At such an angle M the moment M counteracts the convergence of the clearing. Moreover, the flow rate through the clearance q=0,1226l/s was calculated and also the coefficient of the axial force, expressed by the formula:
The turbulent flow
In order to determine the structure of a three-dimensional flow the commercial programme CFX-Tasc Flow developed by ASA Technology Engineering Software Company was applied. The solution comprises the set of the following equations: the equations of the conservation of motion and the equation of continuity.
The Basic equations in the assumed system of Cartesian Co-ordinates look as follows:
where stands for the Cartesian components of the Tyree-dimensional velocity vector (j,i=1,2,3);
-equation of the conservation of motion:
where the term represents in the system rotating with the angular velocity , the Coriolis force and the centrifugal force, whereas , where and denotes the turbulent viscosity determined by means of the selected model of turbulence [2] . By applying this model of turbulence as a numerical example the distribution of pressure p(r,ϕ), in the clearance was described and the axial force F 0 , the coefficient of the load carrying capacity X 0 the moment M and its components M x and M y , the angle of the position of moment vector ϕ M were calculates. Also the area of radial velocity and and tha area of tangential velocity along the radius of a chosen circumferential angle have been presented.
Numerical example. In the calculations the following dimensions of the clearance were assumed: radius of the inlet: r 2 =127,5mm, radius of the outlet r 3 
Angular vibrations of flexibly fixed rings forming a face clearance

Angular vibrations of a flexibly fixed stopping ring
It has been assumed that a flexible stopping ring is after its mounting perpendicular to the main axis of the pump. The slip-ring spins round the main axis with an inclination s α . The moment M caused by the pressure field in the convergent face clearance declines the stopping ring by the angle 0 α around the axis of angular inclination turned versus the axis of inclination of the slip-ring through the angle 0 (Fig.3) . The description of the linear relations may be simplified by changing the ranges of the angles , which do not exceed 0.001 rad.
Further on the number of attenuation u=c/2J was substituted, and also the frequency of free vibrations equal to the reciprocal of the time-constant of the dynamic element 
In order to assess the dynamics of motion of the ring, its amplitude and phase-lag are of essential importance, which may be determined by analyzing the frequency of the equation by means of the frequency analysis of the equation (17).
In result of this frequency analyses the amplitude characteristics of angular vibrations of the stooping ring, excited by the moment M were obtained, i.e. the amplitude A(u, ) of changes of the angle. As is to be seen in Fig.7 , the thrust ring, being an interactive element of the second order, may resound at the value of the damping coefficient c,500. At c=500 in the range up to =300 sec -1 the amplitude of angular vibrations amounts to A=0.00103 rad, and the phase space attains =0.
Angular vibrations of a flexibly fixed slip-ring
In such a case, in order to attain a deflection required for keeping up a fluid friction in the clearing, the moment M must overcome the moment of inertia as well as the coordinate system has been reversed by the angle M . Differentiating the coefficient of damping (concerning the motion excited by hydrodynamic reaction and the motion excited by the gyroscope moment) we get [2] : In order to assess the vibrations of the slip-ring, the essential parameters are the amplitude and the phase displacement /phase shift/, which can be calculated by means of the frequency analysis, and thus obtaining the amplitude of vibrations 
Numerical example of the frequency analysis of the slip-ring.
The dynamic properties of a slip-ring with the same structural features were investigated as those of the thrust ring described in subchapter 3.1. The face clearance was assumed to be of the same geometry. The moments of inertia versus the transverse axis and main axis amount to J=0.109 kg m 2 and Jo-0.217 kg m 2 , i.e. Jo-J= j=0.108 kg m 2 . the difference between the coefficients of damping was assumed to be in the range: c1-c2= c=100 to 1000 The flexibly fixed slip-ring is also in the case of the mentioned assumptions an inertial element of the second order. The vibrations of the flexibly fixed slip-ring may be caused by the processional motion of the non-perpendicularity of the thrust ring towards the main axis. The amplitude characteristics presented in Fig.8 indicate that the gyroscopic force eliminates the possibility of the occurrence of any resonance. An analysis of the dynamics of the flexibly fixed ring permits to determine the range of its stable operation. Fig. 9 illustrates the diagram of the test stand, equipped with a model of the disc with a flexibly mounted slip-ring and the bearing and mechanism for measuring the axial force, as shown in Fig.10 . This test stand permitted to excite to flow of water through the model and to pressure the quantity of the flux, its rotational speed n and the moment on the shaft Mw.
Laboratory tests
The model presented in Fig. 10 was equipped with a disc 1 with a ring 4 flexible fixed by means of a layer of elastomer 5, permitted to measure the drop of pressure in the face clearance and its width along the radius r = 75 mm every 120 o . Fig. 9 . Diagram of the measuring stand Fig. 10 . Construction of the model of a balance disk with its bearing and the mechanism of measuring the axial force Fig.11 presents the recorded widths of the clearance at constant values of the rotational speed of the disc and axial force, but changing flux of the flowing water. This diagram indicates that with the decreases, although in a much slower degree, the coefficient of the hydraulic drag grows progressively, due to the decreasing Reynolds number Rep. In spite of vibrations of the slip-ring flexibly fixed on the disc, a contact between it and the thrust ring was to be observed. It has been proved both theoretically and experimentally that the centrifugal flow of liquids through the face clearance leads to the occurrence of the moment caused by pressure, counteracting the contacting of the walls of the clearance. This effect has made it possible to develop new structural solutions of multistage balance discs relieving the axial force in multistage centrifugal pumps, as well as in rotodynamic compressors, examples of which have been quoted above.
Disc with the ring mounted /fixed/ by a layer of elastomer [5]
The essence of the structure presented in the diagram is the application of a balance disc with a slipring 2 of thrust ring 3 connected with the disc 1 or ring 4 rigidly mounted in the casing by a layer of elastomer 5, vulcanized between the frontal surfaces /between the faces/ of these elements. The elastomer layer with adequately chosen properties ensures the flexibility of the ring and in the case of mean pressures it seals its connection with the disk or casing. If the pressure is very high, an additional internal ring 6 is indispensable, separating the chamber below the disc from the elastomer. Another solution, when the axial forces are very high, the slip-ring of thrust ring may by hydraulically released. An example of such a structure is to be seen in Fig.12 .
It must be admitted that keeping an exact thickness of the vulcanized elastomer layer is a technologically difficult task. A less accurate thickness is required when the joined ring does not need to be balanced dynamically. Fig. 12 . Constructions of the balance disks with a thrust ring conected by an elastomer layer [5] 5.2 Disc with the ring mounted in a ring-shaped /an annular/ oil chamber [6] The essence of the structure presented in Fig.13 is the application of a delivery casing /with an annular chamber 2 filled with oil and covered by a thrust ring 3 sealed by packing rings 4 against the rolled surfaces of the chamber. Chamber 2 is connected by a duct 5 and a three-pass distributor 6 with the pump 7 supplying the chamber 2 with oil form the tank 9 the excess of oil in the chamber 2 is drained off by the bleed valve 8 to the tank 9. The distributor 6 and pumps 7 are driven by the controller 10 signaling the position of the shaft 11. The oil shut off in the chamber 2 by the ring 3, warrants its flexibility. Therefore, this ring is call "floating ring". When the axial forces are rather high, the pressure of the oil can be decreased by releasing the slip-ring or thrust ring hydraulically. An additional connection of the oil chamber below the ring with the supply system or bleed permits a continuous control and adjustment of the position of the rotating element while the pump operates. Thus it is possible to keep up the coaxiality of the rotors and the centrifugal guide-ring and to avoid a decrease of the efficiency of the pump due to its loss. Fig. 13 . Construction of balance disk with the ring mounted in a ring-shaped oil chamber [6] 5.3. Balance disc in a radial rotodynamic compressor [7] Fig. 14. Balance disc relieving the axial force in a radial rotodynamic compressor with a flexible thrust ring [7] Up to now in rotodynamic compressors balance pistons have been used. Volumetric losses are confined by labyrinth seal on their cylindrical surfaces. The value of volumetric losses in a typical compressor amounts to about 1 % and in the case of compressing, for instance, fuel gas an additional installation ought to be applied in order to carry it off safely.
The disc 1 presented in Fig. 14 counterpoises the axial force in the rotodynamic compressor. The disc 1, mounted on the shaft 2 of the compressor generates a rotating ring of the liquid, which warrants on absolute sealing of the machine while it is operating within the range of its operational parameters. From the chamber 22 the liquid flows through a radial clearance to the chamber 11 behind the disc and then through a longitudinal clearance to the chamber 14, from where it flows along the duct 10 to the container 27 to the chamber 22 is controlled in such a way that the free surface of the liquid ring in the chamber 22 would be kept between the sensors /gauges/ 25. The steady-state conditions are determined by the parameters of the compressor and the geometry of the face clearance of the disc. The flexibility of the thrust ring ensures a fluid friction in the clearance at its minimum width, i.e. at a small flux of the circulating liquid or small power rating on the shaft of the pump 18. [8] In pumps feeding steam boilers through the clearances of balance discs the condensate displayed a high temperature, and consequently a low viscosity. As volumetric losses of the flow through the clearances depend on the viscosity of the water, its high temperature involves these losses and also a reduction of the hydrostatic-hydrodynamic forces in the clearances. Fig. 15 . Constructions of balance disk with a flexible slip-ring for pumps used to feed steam boilers [8] The construction presented in Fig.15 is characterized by the fact that the node of the balance disc separated from its elementary flow system of the pump by a layer of thermal insulation 4, which permits to reduce its temperature. Besides a low thermal conductivity it must display good mechanical properties. Feeding the relief assembly with a cold condensate, e.g. from the delivery orifice through the cooler 8 permits the face clearance to operate at its at a several times higher viscosity than in the case of a hot condensate. The final effect is a reduction of volumetric losses.
Balance disc relieving the axial force in a pump feeding steam boiler
This, again, permits to employ the forces due to pressure more effectively, which forces counteract the contacting of the rings 2 and 10, so that the slip-ring 10 can be flexibly supported by a spring 11.
Moreover, a drop of temperature in the set of the balance disc of the pump feeding the steam boilers eliminates the necessity of applying complex expanding glands for high-temperature condensates.
Conclusions concerning investigations on new constructions of balance disks.
The presented new constructions relieving the axial forces in turbo-machines indicate that the implementation of new properties of the structural node requires the application of additional elements. Thanks to this the considered constructions of balance discs are characterized by lower volumetric losses and a longer life, and thus a higher efficiency and durability. They also increase the admissible tolerances in their production.
The application of the considered structural nodes require design calculations, implementation and drawing conclusions based on observations of their operation. Thus, for instance, in the case of the invention [5] its construction was implemented in a drainage pump of a mine, increasing manifold the durability of this structural node.
